The demagnetization progress of various hard/soft multilayers with perpendicular crystalline anisotropy has been studied by a micromagnetic model, incorporating the effect of the interface anisotropy, which is evident on the nucleation field when the soft layer thickness is small. Both microscopic and macroscopic hysteresis loops as well as angular distributions for the magnetizations in the thickness direction have been calculated, taking into account of realistic values of the interface anisotropy. The formula for the nucleation field has been derived analytically, where the nucleation field increases linearly with the interface anisotropy for a wide thickness region. While the nucleation field could change by more than 90% due to the influence of the interface anisotropy, the interface anisotropy has no effect on the pinning field or the coercivity, but it has some slight influence on the angular distributions. On the other hand, positive interface anisotropy enhances the remanence and the energy products, whereas negative interface anisotropy deteriorates both of them. Comparison with the experimental data justifies our calculation, indicating that negative interface anisotropy should be avoided in the experiment.
micromagnetic model. Their results indicate that the soft surface anisotropy has an evident effect on the nucleation field, whilst the hard surface anisotropy has appreciable influence on the coercivity when the corresponding layer thickness is small. The impact of the interface anisotropy, on the other hand, is in between.
For a hard/soft multilayer, the interface anisotropy is more important than the surface anisotropy because there are multi interfaces against only two surfaces. In this paper, the influence of both positive and negative interface anisotropies on the demagnetization process of a hard/soft multilayer system with a perpendicularly oriented anisotropy shown in Fig. 1 is studied. The nucleation field is found to be linearly related to the interface anisotropy, where the formula for the nucleation field is derived analytically. Both macroscopic and microscopic hysteresis loops have been calculated numerically, with angular distributions for the magnetizations and energy products given. Comparison of our results with experimental data indicates that the interface anisotropy should be taken into account in calculating nucleation fields and hysteresis loops.
Methods
Our calculation is based on a multilayer system, where hard/soft magnetic layers are arranged alternatively. Due to the symmetry of the system, the calculation can be performed only for a double-layer system shown Fig. 1 , assuming that the interface anisotropy constant varies from −1 erg/cm 2 to 1 erg/cm 2 37, 38 . The z-axis and the easy axes of both phases are supposed to be perpendicular to the film plane, with the magnetic field applied parallel to the z-axis. For simplicity the film is assumed to be infinitely large in the x-y plane, indicating that the problem has a one-dimensional character [23] [24] [25] [26] [28] [29] [30] [31] [32] [33] .
According to Brown 39 , the total magnetic energy per unit area can be expressed as: (i = h, s), and i = h, s for the bottom soft and top hard layers, respectively. K i and K int are the volume and interface anisotropy constants respectively. M S i is the spontaneous magnetization while θ is the angle between the magnetization M S i and the applied field H and θ 0 is the specific angle at the interface. A i and t i denote the exchange energy constant and the value for the thickness of the magnetic layers respectively.
The variation of the total energy density leads to two Euler-Lagrange equations,
are the effective volume anisotropy constants. The above two euqations are coupled by the following interface equation 26, [28] [29] [30] [31] [32] [33] : with the following boundary conditions 26, [28] [29] [30] [31] [32] [33] :
The specific angles at the surfaces and interface are defined as:
The basic scheme for a hard/soft multilayer calculated in this paper. Due to the symmetry, only a simplification of the symmetrical multilayer from −t s /2 to t h /2 is illustrated in the figure.
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Results
Nucleation fields. The formula for the nucleation field in this work can be obtained in a similar way to that for a hard/soft multilayer ignoring the interface anisotropy, as has been done in refs 23-25, 28-33. In short, linearization of the Eqs (7) and (8) , coupled by the interface constraint Eq. (9), yields the following implicit equation for the nucleation field: where H N = −H, denoting the nucleation field for a hard/soft multilayer. The above formula is consistent with that derived by Zhao et al. 30, 31 and Pellicelli et al. 26 for the nucleation field at the case K int = 0. On the other hand, when both the soft and hard layers are thin enough,  . This formula indicates that the whole system responds to the applied field coherently, where the nucleation field is given by the mean anisotropy divided by the mean spontaneous magnetizations of the system, with the thickness of the layer taken into account as the weight. Figure 2 shows the calculated nucleation field H N of Nd 2 Fe 14 B/α-Fe multilayers as a function of the interface anisotropy constant K int based on Eq. (10) for various values of layer thickness. The parameters for the calculation are shown in Table 1 31 . Nd 2 Fe 14 B is selected as the hard phase because it is the best permanent magnet so far with the largest reported energy product due to its high values for both the crystalline anisotropy and the spontaneous magnetization. On the other hand, Fe is the most abundant metal in the world, which has higher spontaneous magnetization and can be exchange-coupled with Nd 2 Fe 14 B easily. In addition, thin-film Fe can have either the positive, negative or zero surface anisotropy.
One can see from Fig. 2 that all calculated nucleation fields increase linearly with K int no matter what the layer thicknes is. Such a linear increase of the nucleation field is important, which will be addressed later in more detail. In particular, the effect of the interface anisotropy on the nucleation field is significant. For example, at t h = 10 nm and t s = 4 nm, calculated nucleation fields are 3.89 kOe, 0.13 kOe, and 7.50 kOe for K int = 0 erg/cm 2 , K int = −1 erg/ cm 2 and 1 erg/cm 2 respectively, where H N changes by more than 90%. At a certain interface anisotropy constant K int , H N falls monotonically when the soft layer thickness t s goes up, as shown in Fig. 2(a) . On the other hand, the nucleation field increases with t h as shown in Fig. 2(b) . However, the calculated H N doesn't change when t h > 10 nm. The effect of the thickness on the nucleation field H N for a hard/soft multilayer is closely related to the Bloch wall width Δ 28, 29 . When t h is large enough so that the value of the hyperbolic tangent function on the right side of the nucleation field Eq. (10) is equal to1, the nucleation field Eq. (10) can be simplified as: 11) indicates that the nucleation field H N is independent on the thickness t h when the hard layer is thick enough in comparison with the corresponding domain wall width.
To understand more clearly the linear relation between the nucleation field and the interface anisotropy, we denote H N = H N0 + ΔH N , where H N0 is the nucleation field based on Eq. (11) for K int = 0 erg/cm 2 . ΔH N stands for the influence of the interface anisotropy on the nucleation field, which can be obtained by series expansion and simplification of Eq. (11): Figure 3 compares the K int -dependent nucleation fields for two values of the soft layer thickness based on Eqs (10) and (12) . In both cases, the maximum differences between the nucleation fields calculated by the two formulas are less than 1.3%, indicating that the linear formula given by Eq. (12) is a very good approximation for Eq. (10) .
Remarkably, such a linear approximation is valid for other hard/soft multilayers in a wide thickness range. As shown in the supplementary information, for all six combinations of hard/soft materials with various soft layer thickness, the calculated lines based on Eq. (12) are in excellent agreement with those by Eq. (10) . Therefore, the nucleation fields for hard/soft multilayers can be reliably calculated by:
, where s is independent on the interface anisotropy. The nucleation fields at K int = 0 erg/ cm 2 and the slope s for various hard/soft multilayers have been shown in Table 2 for reference. One can see that s increases as the soft layer thickness decreases, indicating that the effect of the interface anisotropy is more evident when the soft layer thickness is small. Microscopic hysteresis loops and angular distributions. Nucleation is the beginning of the magnetic reversal, while the subsequent reversal process can be found from the microscopic hysteresis loops and angular distributions after nucleation. Figure 4 shows the evolution of three key angles, i.e., θ h , θ 0 and θ s in a d 2 Fe 14 B (10 nm)/α-Fe (6 nm) multilayer with the applied fields for various interface anisotropies. All three angles deviate from 0° (the saturation magnetic state) at the different applied fields, which are H = 6.6 kOe, 4.2 kOe, and 2.0 kOe, for K int = −1 erg/cm 2 , 0 erg/cm 2 , and 1 erg/cm 2 respectively, consistent with the calculated nucleation fields shown in Fig. 2 . However, θ s and θ 0 are much larger than θ h , indicating that the magnetic moment in the soft layer responds to the applied field fast, which draws the moments at the interface and in the hard layer to follow the response through the exchange interaction.
As the applied field decreases, θ h , θ 0 and θ s increase gradually. Meanwhile, the interface anisotropy has a minor influence on the angles. As can be seen from Fig. 4 , the angles for K int = −1 erg/cm 2 are slightly larger than the corresponding ones for K int = 0, while those for K int = 1 erg/cm 2 are slightly smaller. This minor influence disappears at H = −14.6 kOe, where the angles are independent of the interface anisotropy (the corresponding applied field is defined as the pinning field H P ). Further decrease of the applied field will lead to the abrupt change of all three angles to 180°, the negative saturation state of the system.
In order to visually illustrate the change of the magnetic domain in the demagnetization process, we have calculated the angular distribution θ(z) of the magnetic moments in a Nd 2 Fe 14 B (10 nm)/α-Fe (6 nm) multilayer for various interface anisotropies at three applied fields. Due to the symmetry, only the magnetization distributions within the halves of soft and hard layers have been demonstrated (cf. Fig. 1 ). As can be seen from Fig. 5(a) , a small deviation from the saturation state, θ ≡ 0°, occurs at the nucleation. For K int = 0, θ s and θ 0 are 14.3°, 10.4° (10) and (12) respectively, which are much larger than θ h (=0.7°), indicating that the magnetizations of the soft layer respond to the applied field fast, which then drag the magnetizations in the hard layer to follow the change of the applied field through the exchange interaction. Therefore, a 13.6° domain wall is formed between the hard and soft layers. It should be noted that the angular change at the interface is not smooth because the first derivative of the angle θ is not continuous, as can be seen from Eq. (4). The interface anisotropy has some slight effect on the angles. A negative interface anisotropy adds a minus to the total anisotropy, leading to a faster response of the magnetizations to the applied field, which pushes the angles up a little bit. On the other hand, the angles shrink under a positive interface anisotropy, which hinders the response of the magnetizations to the applied field. As a result, the prototype domain walls forming at the nucleation are 12.5° and 14.6° for K int = 1 erg/cm 2 and −1 erg/cm 2 respectively. When the applied field decreases, such prototype domain walls grow fast. As can be seen from Fig. 5(b) , all three domain walls become mature at H = −9.0 kOe, which are 72.4°, 70.5° and 66.1° for K int = −1 erg/cm 2 , 0 erg/ cm 2 and 1 erg/cm 2 respectively. At the pinning state, the three domain walls degenerate to a single one, where θ h , θ 0 and θ s are 16.2°, 90.0° and 100.2° respectively. Further decrease of the applied field will lead to another coherent state of the system, θ ≡ 180°.
Macroscopic hysteresis loops and energy products. While the above microscopic loops and angular
distributions reveal the switching mechanism well, the macroscopic hysteresis loops demonstrate explicitly the magnetic properties of the hard/soft multilayers. Figure 6 shows the calculated macroscopic hysteresis loops of the Nd 2 Fe 14 B (10 nm)/α-Fe (t s ) multilayers for various interface anisotropies. As shown in Fig. 6(a) for t s = 6 nm, nucleation occurs in the first quadrant, where the nucleation fields equal −2.0 kOe, −4.2 kOe and −6.6 kOe for K int = 1 erg/cm 2 , 0 erg/cm 2 , and −1 erg/cm 2 respectively. The corresponding remanences are 1.36 × 10 3 emu/ cm 3 , 1.27 × 10 3 emu/cm 3 and 1.20 × 10 3 emu/cm 3 respectively. The greater the interface anisotropy, the larger the nucleation field is and hence the higher the remanence. On the other hand, the interface anisotropy has no effect on the coercivity, which equals to 14.6 kOe, the pinning field of the system.
In comparison, the influence of the soft layer thickness on the hysteresis loops is more visible. As can be seen from Fig. 6(b) , the nucleation occurs in the second quadrant at a smaller soft layer thickness (t s = 4 nm) for all three interface anisotropy constants. Here the loops exhibit better squareness in comparison with Fig. 6(a) , thanks to the larger remanence (1.40 × 10 3 emu/cm 3 ) due to the positive nucleation fields. Theoretically a decrease of the soft layer thickness can either have a positive or a negative effect on the remanence. The former is due to the larger nucleation field whilst the latter is because of the smaller saturation magnetization caused. Therefore, an optimum soft layer thickness can be found for hard/soft bilayers, as has been done in ref. 23 . Further, the coercivity and the pinning field (H C = H P = 17.1 kOe) equal for three anisotropy interface constants, which are obviously larger than those in Fig. 6(a) .
From the macroscopic hysteresis loops, magnetic energy products (BH) of Nd 2 Fe 14 B (10 nm)/α-Fe (t s ) multilayers for various interface anisotropies can be calculated, which are shown in Fig. 7 . As shown in Fig. 7(a Fig. 4(a) represent the direction of demagnetization progress.
for K int = −1 erg/cm 2 , 0 erg/cm 2 , and 1 erg/cm 2 , respectively. The increase of the (BH) max with the interface anisotropy is due mainly to the larger remanence M r , caused by the larger nucleation field. Fig. 7(b) is the calculated energy products of the multilayers for t s = 4 nm, where (BH) max are 55.3 MGOe, 63.6 MGOe and 72.5 MGOe for K int = −1 erg/cm 2 , 0 erg/cm 2 , and 1 erg/cm 2 , respectively. These (BH) max are considerably larger than those in Fig. 7(a) . The maximum energy product (BH) max decreases by 13% for K int = −1 erg/cm 2 and increases by 14% when K int = 1 erg/cm 2 relative to that of K int = 0 erg/cm 2 . The effect of the interface anisotropy on the maximum magnetic energy product (BH) max is obvious.
Shown in
Discussions
Positive interface anisotropy enhances the nucleation field, remanence and the energy products as shown above, whilst negative anisotropy deteriorates all these magnetic properties. Therefore, it is important to have positive interface anisotropy in experiments. Experimental results suggest that negative interface anisotropy might occur when the interface of α-Fe is the 110 plane. Besides the lattice orientation, the nature of the interface and the temperature have also important influences on the interface anisotropy. More details can be found in refs 37, 41-43. Figure 8 compares experimental 23 and calculated hysteresis loops of FePt (10 nm)/α-Fe (t s ) bilayers. One can see from Fig. 8(a) that the experimental hysteresis loop near the remanence for t s = 2 nm agrees well with that calculated for K int = 1 erg/cm 2 , exhibiting good squareness and high remanence. In particular, the nucleation field and reduced remanence measured in the experiment are −2.01 kOe and 0.98 respectively 23 . Both of them are very close to our calculated values for K int = 1 erg/cm 2 , which are −2.0 kOe and 0.99 respectively.
In contrast, the experimental loop near the remanence shown in Fig. 8(b) for t s = 2.7 nm matches well with that calculated for K int = −1 erg/cm 2 , which is more slant and exhibits lower remanence in comparison with the corresponding loop in Fig. 8(a) . Here, M r /M S = 0.89, 0.85 and 0.80 for K int = 1 erg/cm 2 , 0 and −1 erg/cm 2 respectively according to our calculation, whilst the reduced remanence measured in the experiment is 0.79 23 . Therefore, negative interface anisotropy should be avoided in the experiment, which leads to lower nucleation fields and remanence.
The values of the experimental coercivity in both cases, however, are much smaller than the calculated ones, due to the famous Brown's coercivity paradox 39, 40 , where the measured coercivity is found to be systematically smaller than the theoretical one for all magnetic materials. This paradox is more outstanding for a single-phased permanent magnet. As have been shown in ref. 23 , the experimental coercivity for a single FePt film is only slightly larger than those for hard-soft bilayers. In contrast, the theoretical coercivity for a single FePt equals the effective anisotropy of the FePt film, i.e, the sum of the crystalline anisotropy and the shape anisotropy, which is 93.6 kOe. Such a huge difference between the theoretical and experimental values of is due possibly to the various crystalline defects within the film.
Conclusions
In conclusion, the demagnetization process for a hard/soft multilayer with a perpendicularly oriented anisotropy is analyzed by a one-dimensional micromagnetic model, where both positive and negative interface anisotropies have been taken account into the calculation. It is found that the nucleation field and the remanence are sensitive to K int , especially for smaller soft layer thickness. On the other hand, the interface anisotropy doesn't affect the angular distributions much, which has no effect on the coercivity. Our calculated macroscopic hysteresis loop and energy product show that a positive K int increases the remanence or nucleation field and hence enhances the energy product, and that a negative K int deteriorate both of them. Comparison with experimental data indicates that the interface anisotropy can be either positive or negative, where a positive K int is preferred for a high remanence and a large energy product.
Further, the formula for the nucleation field is derived analytically, which is found to be linearly related to the interface anisotropy for all calculated values of layer thickness. Therefore, a simplified linear formula for the nucleation field is educed, which is reliable for all combinations of the hard/soft layers calculated. The influence of the interface anisotropy is more significant for smaller soft layer thickness, where the interface anisotropy can change the nucleation field by more than 90% in comparison with that for K int = 0. In addition, the microscopic hysteresis loops for θ h , θ 0 and θ s as well as the angular distributions in the thickness direction are calculated numerically, which shows that the effect of the interface anisotropy on the angles is not significant. In particular, the angular distributions are the same for different values of the interface anisotropy at the pinning field.
In summary, neither the coercivity nor the angular distributions of exchange-coupled magnets are sensitive to the interface anisotropy. However, the nucleation field and the energy product are quite sensitive to the interface anisotropy, especially for small soft layer thickness. The positive interface anisotropy enhances the nucleation field, the remanence and the energy product, whereas the negative anisotropy deteriorates all these properties. Therefore, it is important to have the positive interface anisotropy in experiments, where small layer thickness is preferred for a giant energy product to be realized in exchange-coupled multilayers. 
